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Introduotion . Bracing le a procncs aharabjr B«tal parts ara 
Joinsd bj a filltr astal or alloy whoso Belting point Is abovs 
600^F, (as distlnguishsd froa soldsrlag) but lowsr than that 
of tht parts to bs Joinsd* Slnos aslting of ths joinsd parts 
doss not occur. It is almost intuitively obvious that ths filler 
Bstal Bust Net" the parts for proper joining. Like so many 
other areas of BStallurgy. there is such empirical and seni* 
explrioal data on the subject of brazing, and a substantially 
coBplete theory exists, but the actual measureaent of sons vital 
parameters is not yet possible, nor do explanations exist for 
all observed departures froa theoretical behavior. It is a- 
gainet this background that the art and science of brazing is 
practiced today. 

The work of Bredze, Canonico and Bchsartzbart (1), (2), 

( 3 ), (^), ( 5 ) on improvement in wettability of silver brazing 
alloys by additions of lithium suggested that similar results 
ought to be observed with additions of other alkali and alkali*- 
earth metals. Although these authors investigated certain of 
these other additive metale, it was felt that their investigation 
left some unanswered questions including mechsnisli, and a ganeral 
thermodynamic rationale for their results. 

The intent of ths prsssnt sxpsrlnsnt was to suBsariss a 
coherent, theoretical treatment of the field of brazing, with 
special emphasis on the effects of additions of email amounts of 
the energetic Groups I-A and II-A elements to standard brazing 
alloys. Additionally, a Kiniaum amount of laboratory work in¬ 
volving preparation of and simple brazing with soae of these 
alloys was planned within •zieting time and fund liBitations. 
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Ganfral Theory , iftjan tvo pieoea of aolld natal art Jolnad by 
brazlnui, tha liquid fillar, or "brasa"! natal must flow batnaan 
tha tvo aurfaoaa to ba Jolxiad, ideally filling tha entire over¬ 
lap space betveen tha tvo luatal parts, i'ha fillar uuat, in addi- 
tioUf adhere to the parts so a* to develop *'Joint strength*'. 

Tha procaaa whereby the filler natal flows between tha parts is 
capillarity and the process whereby it adheres to tha parte is 
a function of solid solubilities ( 6 )( 7 )» i.a., of tha ''t^ork of 
idheslon**, 

Capillary flow takes place because of a pressure diffarenoa 
which arises under the liquid meniscus as a function of ortho- 
j^onal. general radii of ourvaturSf and R^. This pressure 
difference, wbicli is generloally related to a chemical potential 
difference, may be expressed in an equation cue to Laplace: 


4^* = -Y 


i i 


= "Y (^1 ♦ *^2^ where/I P Is tha pressure dlf- 


•1 

ferenca, Y the interfacial tension between liquid and solid, and 
K is curvature. In essence, this equation says that wnenever 
there ie a curved interface between two entities, there will exist 
a pressure difference which will tend to move the boundary toward 
the center of curvature. Ihla equation is rigorously derived by 
Adait (3). For closely spaced flat plates, D cm apart, which 
’.<oul(l uiraulato a alopiB oonfl(juration for two pieces to be Join¬ 
ed by brazing, the radius of cui^ature along the line Vhere liquid 
joins solid is infinite so that l/r:^ = 0, or » 0. For the 
luenlecus itself, the cui-vature la K2 = (l/ 2) cos ©, where © is 
the angle of contact between the edge of the meniscus and the 
solid surface, as in figure (1). For perfect wetting, 0 a 0® 
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and AP » "2 /d. (For coaoantrlc oyllnders, •.g., a plpa or tuba 
in a pipe coupling, K.^ ^ 0 and the expreasion for pragsura must 
include both the curvature alonit the maniacua.) 



liquid drop 


solici 

Figure (1)* Vector diagraa of aurfaoa tanaion 
forces acting at the rio of a liquid drop* 

The contact angle, 9, at a liquid-solid interface Is direct 
ly related to the ability of the liquid to vat the solid. It 
la seen that for static force equilibrluin to obtain, ygv^'^ls ♦ 
cos 0. At the extremes, if 0 a 180°, the liquid vill rest 
as a spheroidal globule on the solid surface* In a field-free 
envlronuent, it would contact the solid in a point and would not 
spread on it* If 9 = 0®, then = Vlv *^^18' liquid 

would spread over the solid surface, oontinuintj to spread until 
some other force caused it to stop* Thus, it would wet the sur¬ 
face* 

From the above, it is seen that the actual interfacial ten¬ 
sions 2jL the Dliasee actually in contact all have a prime effect 
on the wettaLllity of a solid by a liquid* It is the many ways 
in which these parameters can be altered by urdoiown or uneuspeot 
ed autotances and affects in practice that renders the precise 
mathematical prediction of fcrailng performance eo difficult. 

Udln, Funk and Wulff (9) develop an equation describing 
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th« effects of both dll4t4tioa and oonatrlction of tho flow path 
upon tha oopiUarp flow ralooit/ of a brazing fillar natal, fia* 
twaan two flat plataa aaparatad bj a diatanoa D, aa In flgura (2)t 
nota that tha flow diraotlon la toward tha dlraotion of tha oan* 



'—>X 

Tigura (2). Tlow configuration batwaan 
flat plataa. 

tar of ourratura of tha interfaoa. thia ourrad naniaoua ia a 
diraot function of tha liquid and aolid aurfaoa fraa anargiaa 
(or aurfaoa tanaiona) and tha aolid-liquid intarfacial taaaion« 
Thus tho praaaura diffaranoa tending to driwa tha liquid 
into tha epaoa betwaan tha plataa ia^P « «2 ^ • Aaauaing 

laninar flow, and a liquid rlsoositp,^, the interfaoa will ad¬ 
vance a dlatsMioa x a i in tlna t. Por a flow path 

with a dilatation configured aa in figure (3)» it is shown that 


D 

T' 
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Piguio (3). A dilated oapihlarp dan. 

the time to fill from the start of the Joint past the dan is 
t m r ' 1 ♦ 3i»a^ . 

V ^ i ^^0 
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Iht dilatation oould ba a gouge or tool aark perpendicular to 
the direction of flow. 

The oonyerae type of oaplllarj daa le the oonetrlotlon, aa 
shown in figure (A), Here the effect le the fanlllar hydraulic 


- T~ 

u 
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Figure (A). A oonetricted capillary dam. 

effect of an orifice where m la a meaeure of the degree of oon* 

otrlotlon, aa shown, and the dac effectively Increaeee the flow 

2 

path length by a factor of p - 1 D. For praotloal diaenelone, 

2 

suffice It to say that In a prepared brazing ^olnt of nominal 
0.005 in. clearance, a few constrictions to 0.001 In. would not 
seriously Increace the flow time, but ’’vilnglng” conetrlctlona 
of, say, 0.0001 In. would for all practical purposes stop the 
flow of braze filler metal, resulting In an Incompletely filled 
joint. 

It has long been standard brazing practice to use a netal 
halide or borate as a flux. These salts act as oxide aolrents 
and serve to clean the surface of tiie work and keep It that way 
during the heatlns period. The flux also protects the heated work 
surface in the vicinity of the brazing area froj oxidation. Oxide 
saturation of and oxygen diffusion through the flux rather soon 
render it useless la further protecting the work, ixedzs* *'ao- 
tatlor. ‘ her •ir'o.io.i" {Z) vividly portrays the limited period of 







prot«otion afforded bj tht usual thin film of flux ussd In bras* 
ing praotioa* Tht and of protsotion is marlcad by the onsat of 
dewetting of the brased surfaces* Thus^ the joint cannot be 
held indefinitely "at heat" during brasing last it deteriorate, 
and it is definitely advantageous to secure high rates of filler 
metal flow so that the joint may be quickly "nade" and cooled. 

Udin, ?unk and Wulff ( 10 ) develop an analysis of the effeots 
of flux on the flow characteristicB of the filler metal, Con¬ 
trary to popular belief, the flux does not appreciably affect 
the surface tension of the filler aetal because it is generally 
insoluble in it. Its effect on velocity of flow of filler metal 
Is prlnarily due to its viscosity and the fact that the filler 
cet€Ll, in filling the flow space, must displace the molten flux* 
Thus, the primary benefits of the flux are surface cleaning and 
protection. Its function is not unlike that of a slag in metal 
production. 

]:arkins ( 11 ) has, by thermodynamic reasoning, developed a 
simple criterion for the spreading of a liquid on another sur¬ 
face, Hla "spreading coefficient", S, is the decrease in Gibbs' 
yree JiiGro;y, -AO, which occurs when the liquid spreads. Thus the 
condition for spreading is that 3 be positive (l.e., AG<0), 

If a drop of liquid B placed on the surface of k tends to sprtad, 
then 3 s - (Y^ 4 ' Va^) where la the interfacial tension 
between the two phases. An equation due to Dupre* for the work 
of adhesion between two Substances is 3 Va ♦ V^ "^ab* 
i»ork of oohoolon of a substance is hq = 2Y^. Thus, 3 3 
and spreading of a liquid on another surface will occur if the 
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work of adhesion between the two is ^^reater than the ooLeslve 
work of the liquid. Bondi (12) develops the complete therao- 
d/namlc ar^unent. He further, by some simplifying aesumptlone, 
arrlvee at the very useful necessary (but Insufficient) condl** 
tlon for tDreading of a liquid on a solid: 

It has been experimentally observed that In most cases, 
thla layers - sometimes even monomolecular layers • of oxides 
and sulfides, and organic substances (oils, greases, dirt, etc.) 
reduce the apparent surface tension, , of essentially all 
metals drastically. Reported reductions of Yj, * factor of 
two by minute amounts of foreign matter are not uncoiaijon. 'Juch 
reductions in Yg reduce the wettability of solid metal by liquid 
filler metal, often to the point where no spreading will take plao4. 
i.ence the need for extreme cleanllnees of the work, a point that 
la drilled into the mind of every apprentice brazer. Conversely, 
any addition tending to lower the of the liquid filler alloy 
will Improve spreading. 

-.vidently the affects of some alkali and alkali-earth metals 
In Improving tns spreading ability of certain brezln^^ alloys can 
be ascribed to either their extreme chemical reactivity wherein 
they raise Yg b/ reducing the base (work) metal oxide film, or 
to thfc-lr aolublilty In the filler Tietal and suosequent reduction 
of its surface tenolou,Yi» trobably both effects are manlfeetsd 
to a degree. i‘he remarkable Improvement of spreading ability of 
molten silver on steel, etc., due to small (O.ld - 1.0') additions 
of lithium or barium reported by Bredss (2) Imply that the eddltlwe 
must te positively adsorbed In the filler metal sirface. 4c*oord- 
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lug to the Gibbs adsorption aquation, 3a “Ija-fiX » vhara 

cf Cp cp 

la tha filler aatal aurfaoa tanaion, 02 !• the 'aolar oonoantra- 

tlon of addltlra (l.a., Ll or Ba),p 2 !■ the aurfaoa ezoeaa oon- 

oantratlon of tha addltira, Rila the uniraraal gaa oonatant and 

T tba abaoluta taoiparature, Than, ahenP 2 poaltlva, that 

la, xhan there la a tendency for tha additive aetal to ba oon* 

cantxated In the surfaoe layer of the molten filler metal, Vt 

902 

la aean to be negative* Obviously this leads to an Improvement 
In the spreading ability of tha filler alloy* This phenomenon 
requires, of oourse, that tha additive metal be soluble In the 
filler metal* 

If, In addition to the above effect, the additive metal 
should reduce the oxide layer present on the base metal surface, 
the effective aurfaoa tension of the base metal, V^, vould be 
raised* For this reaction to occur, there must be a net negative 
GlV%s free energy of reaction shsn the activity of the additive 
metal Is oonsldered* The effect of a high surface excess oon- 
oentratlon 2 additive metal vould be to Increase Its activity 
&t filler natal - baas metal interfaoe > for the highly re¬ 
active Groups I-A and II-A metals, this praotloally Insures 
their ability to reduce, for example, FsO, CuO, or NIO, to men¬ 
tion a fev of the more commonplaoe base metal ozldee, even when 
they are present In very small oonosntratlons* This problam Is 
discussed further by Brsdze and Sohvsrtibart (13)* However, 
the effect Is short-lived because the small oonoantratlons of 
active additive will be quickly consumed If there le s thiok sur¬ 
face layer of base metal oxide to be reduced, or Indeed If the 
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molten filler metal alloy le long expoeed to the ataoepherlc 
oxygen. 

firedEB and Schwartzbart (14) haTt daTtloped an analytia of 
the aurfaw4 activity of lithium in silver - lithium brazing alloys 
irherain they purport to use the absolute values of surface tnsr* 
gias reported in the literature. Khile their results appear to 
be qualitatively correct, the question &rftaea: were the results 
correct beoause of the degree of accuracy to vhioh the physical 
parameters used wex^ known, or because the exact themodynamio 
relationship defining the spreading coefficient of liquid on solid 
as =’'^8 "^3L ooiaoldentally happens to operate in a 

favorable direction? Thia point is mentioned simply to reem¬ 
phasize the waruinge of wiser minds than mine that experimentally 
determined surface oonatants can be subject to substantial errors 
primarily because of tlie large effects on surface energise of 
minute amounts of the ubiquitous oxygen. Bondi (13) is partiou- 
larly outspoken on this point. Vanderslice (16) reports that 
even iii the relntlvoly excellent vacuum of 10"^ torr (1 torr * 

1 mm Hg), pure, atomioally clear, metal surfaces become coated 
’/1th a s-jrface layer of gas within a few seconde. For pure, 

"clean surface" (i.e., gas-free) experiments, he prtsoribea 
pressures of at least 10"^ torr, where the tine to contaminate 
a solid surface with gae is measured in hours. Thus, when apply¬ 
ing exact thermodynamic relationships, the accuracy of the data 
used must be knovoft. 
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kTparlMutal Propadura . OriginAll/ it was plaontd to praparo 
■overal tjrpaa of braslag allo/a for tzparinantatloQ \>j adding 
alkali and aUcali-aarth natals to rarioua o<»narcial allvar baaa 
bracing alloys. Thaaa alloye were to hara baan rollad into 
atrips and uead as inssrts in standard Nary bronzs pips fittingf, 
(HIL-7-1183) from wbloh saapla Jointa wars to ba aada vitb mild 
staaly 90-10 OuKi, 70-30 CuNi, and monal tubing. Brazing was to 
bars bean affaotad in ths stmosphara using a reducing ozy-aoaty- 
lana flame» and dapanding on this raduoing flame stmosphara plus 
the oonfinament of the alloy within the joint to protect the 
raactivs additive metal content during brazing. 

It developed that preparation of alloys with alkali and al¬ 
kali-earth metal content is no simple taskf especially whan the 
molten alloy ie to be cast into 1/4 inch round billets for further 
cold reduction by swaging. A vacuum molting and casting tech¬ 
nique was evolved and ueed which produced satisfactory results 
for the alkali-earths in silver-copper eutectic. Exact compo¬ 
sitions are practioally impossible to obtain. The reactive ele¬ 
ment oxidizes as it is beint out and weighed. Then some of it 
vaporizes in the vacuvun chamber and some of It reacts with the 
graphite crucible to form carbides, llgC. 

The combination melting - casting crucible Is shown In fig¬ 
ure (S ). The charge, about 30 grar.s total per nelt, was placed 
In the jiolting cap wiilch was then pushed snugly Into the mold 
cylinder. This asceubly was placed me1ting-cap-down into a 
quartz tube, the tube was connedtad to a vacuum pump and eva¬ 
cuated for ten minutes, and then the lower half cf the tube was 
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Figure (3)* Combination melting-caating crucible. 
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Inacrtftd into a fuxnaoa prabaatad to lOOO^C. Wbm aquilibrlua 
taaparatura had baau attainadf tha tuba vaa <iulo)i:l 7 ramorad from 
the foraaoa and iuYartad* 1 flaall diaaaatar quarts tuba Inaartad 
through tha rubbar atoppar and oonaaotad to tha yaouua line aarrad 
to kaap tha aoXd ojlindar in tha hot sona of tha larga tuba* 
Inrarting tha tuba* 1han» oauaad tha salt to pour into tha sold 
oaritj ahara It aoon eoolad« all tha tiaa in an oTaouatad anflroa* 
aant* Tha biUat iraa than ramorad from tha mold bj drilling ita 
and alightlj and using a naohinist'a "B^Z^Out" aztraoter* Ihia 
aehama wnrlcad rarj rail for tha alkali•aartha» but during tha 
attanpt to naka aodiun^baaring alley* tha aodj|uB raporisad and 
ooatad moot of tha interior of tha quarts tuba rhi(^ than oraakad 
and orasad badly on oooling* 

for ainplioity* tha ooppar-Hsilrar aa||aotlo raa ohosan as tha 
base alloy* Tha additira alamanta rare nominally naasurad as 
2 rt ^* Bari\a* oaloi\in and strontium alloys rare praparad* tha 
sodium alloy raa oonaidarad to be of auoh doubtful ooapoaitioa 
that it raa diaoardad* Qualitatira vattability dataminatims 
rare made by axaaining tha raaulta of tha salting of wall quanti- 
tiaa of each saapla alloy on a mild ataal ooupon* snail piaoas of 
aaoh brasing alloy rare malted on AI3Z*I020 mild ataal oaupona 
out from 3/^ inch rounda and ground on 400 grit paper* Tha oou- 
pons, rith wall piaoa of brasing alloy resting on tha groiamd aur* 
face, ware individually loaded into a Tyoor glaaa fnmaaa tuba 
rhioh was than flushed with nitrogen obtained as tha boil-off 
affluent from tha rant tube of a oloaad and stoppered Parar full 
of liquid nitrogen* After flushing with nitrogen for tan minutes. 
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a concentric rjinace, preheated to 1000®c, was allpped over the 
coupon-oontalning section of the Vyoor tube and the brazing alloy 
allowed to melt hereupon the furnace was imaedlately remoyed 
and the coupon allowed to cool In the nitrogen etreaia. 

The results for the harlua-bearlng alloy were as predicted 
In Table 12, pages 4A4-448 of Bondi'e very thorough paper (7) 
and In reference (1). yor calcium, the results again fere pre¬ 
dictable from reference (1), l.e,, there was little or no detect¬ 
able Improvement In wettability of the steel coupon over the 
(poor) wettability of the plain silver-copper eutectic. Strontium 
produced a moderately good improvement In wettability, with a 
contact angle 9 of about 30°. 

1. The practical determination of the parameters that are used In 
the tharcodynamlc equations of the surface chemistry of metale is 
an extremely difficult task, often producing uncertain resulte. 

2. The addition of lithium, barium and stroutlum to silver-copper 
eutectic Lmproves Its ability to wet steel, Iltnlum evidently 
effecto the greatest Improvement over plain eutectic Ag-Cu. 

?• fcauee ol' the l-rprovement In wettability, It Is possible 
that lltlilum or barium additions to standard brazing alloys 
mlglit raeasurably Improve their performance In Industrial appll- 
oatlonfi. Further experimentation in this direction Is Indicated. 


. 13 ) 



BIBLIOOKAPHT 


( 1 ) 


Bredtii ■« and 

Tha 

TT 5557 * 


ad oa&e&ioe, 0. utMp l9,arnlai,^^ 

Valdiag Joumaif ii# Rao&« 0appl»* 5?3*a to 5^^*» 

Bradetf 5«» WattabiU 



(5) 


tdsi ana H* SohirartsiMurtt PrQgr#M in 

TmT'Mrcg: 

Bradsa^ K* «id H« Sohvartabart, a>irfay AgtiyitT af LtthliM 

Id, ii. Rich 3uppl*, 


(6) Euma-Rothar/* V« and G* V* Rajraor« Ali.JitSlAlKDLJZlJ&i2ftiLA 

iBdiJUAXft* (Book) 4 ad«, Znat* of Katala* Loadoa, Pt 17 (1962) 
tondt. Th» Snw^inf ^yoid Katala on Solid aurfaaaa. 


(7) 


0h«. 

(8) aurfaoaa. (Book) 

(9) Udin/H., Tuak, B. R.) aad J. vulff, jj^^ldinir for Saitinmmirm. 


Raia* 


(Book)» Vilay, lav York, p338 ft (19 

(10) Ibid., p34l ff. 

(11) Harkiaa, W. D,, ahaaiat anr of Burfaoaa. (Book), 

bold, law loxk, pp (IJC). 

12) Op Clt. 

** Op Clt. (rafaraaoa #5 abora), p 67-a. 

Ibid, p 63-b, ff 

15) Op Clt 

16) Vanderalloe, I. A., Ultra Hlrfi Taouua. Chamloal and Eaglaaar* 
la« lava, 2^ ^6 ff (fyo1)7 


(U) 
























. ,..y f' 


thesD6437 

Improvements in wettability of silver co 



3 2768 001 89466 0 

DUDLEY KNOX LIBRARY 


'r 










